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'XULQJWKHSDVVDJHRIFHQWXULHVDQGDVDUHVXOWRIWKHDFWLRQRIERWKFRUURVLRQDQGPHFKDQLFDOVWUDLQLQJWKHFRQ
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(60$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6/0FRPSOH[
RIWKHDQFLHQW*UHHNVWRQHPDVRQVLVVXEVWLWXWHGE\WKH³7LWDQLXP0RUWDU0DUEOH´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E\=DPEDV>@VFLHQWLVWLQFKDUJHRIWKH3DUWKHQRQUHVWRUDWLRQSURMHFWIURP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)LJF7KHWHVWVZHUHLPSOHPHQWHGZLWK
WKHDLGRIDVSHFLDOO\GHVLJQHGDQGFRQVWUXFWHGORDGLQJIUDPH)LJG,QDOOWHVWVRQO\WKHFRQQHFWRUVIDLOHGZKLOH
WKHPDUEOHEORFNVUHPDLQHGLQWDFW'LDOJDXJHVZHUHXVHGWRPHDVXUHWKHUHODWLYHGLVSODFHPHQWRIWKHLQWHUFRQQHFWHG
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QHFWLRQVLQWKHIRUPRIIUDFWXUHVRIWKHHSLVW\OHERG\LWVHOIKDYHEHHQUHSRUWHGLQWKHPHDQWLPH>@LWEHFRPHVHYL
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GHQWWKDWLWLVLPSHUDWLYHWRVWXG\WKHUHVSRQVHRIWKHFRQQHFWLRQW\SHXVHGWRGD\XQGHUVKHDUORDGLQRUGHUIRUGHIL
QLWHFRQFOXVLRQVWREHGUDZQDERXWLWVSHUIRUPDQFHDJDLQVWPHFKDQLFDOH[FLWDWLRQV,QWKLVFRQWH[WDQH[SHULPHQWDO
SURWRFROZDVGHVLJQHGWKHPDLQWDUJHWRIZKLFKEHVLGHVWKHPDFURVFRSLFGHVFULSWLRQRIWKHFRQQHFWLRQV¶UHVSRQVH
ZDVWRSXPSGDWDIURPWKHLQWHULRURIWKH700FRPSOH[ZKHQLWLVVXEMHFWHGWRSXUHVKHDU7KLVLVEHFDXVHLQGLFDWLRQV
H[LVW >@ WKDW IDLOXUHPHFKDQLVPV OHDGLQJ WR IUDFWXUHDUH ILUVWO\ DFWLYDWHGDORQJ WKHPDWHULDO LQWHUIDFHV PDUEOHWR
PRUWDUDQGPRUWDUWRWLWDQLXPFUHDWHGGXHWRWKHIRUFHGFRH[LVWHQFHRIWKUHHPDWHULDOVZKLFKDUHLQIDFWFRPSOHWH
O\GLIIHUHQWIURPWKHSRLQWRIYLHZRIWKHLUFRQVWLWXWLYHEHKDYLRXU7KHVSHFLPHQVRIWKHSURWRFROZHUHGHVLJQHGLQ
FORVHFROODERUDWLRQZLWKWKHVFLHQWLVWVLQFKDUJHIRUWKHUHVWRUDWLRQSURMHFWLQSURJUHVVRIWKH3DUWKHQRQ7HPSOHDQG
ZHUHLQVLWXSUHSDUHGE\KLJKO\TXDOLILHGDQGH[SHULHQFHGWHFKQLFLDQVRIWKH3DUWKHQRQ¶VZRUNVLWH
)RU WKH WDUJHWV RI WKH SURWRFRO WR EH DFKLHYHG ERWK WUDGLWLRQDO DQG LQQRYDWLYH H[SHULPHQWDO WHFKQLTXHV ZHUH
HPSOR\HGDVLWZLOOEHDQDO\WLFDOO\GHVFULEHGLQ6HFWLRQ7KHLQQRYDWLYHVHQVLQJWHFKQLTXHVXVHGZHUHWKH$FRXVWLF
(PLVVLRQ$(WKH3UHVVXUH6WLPXODWHG&XUUHQW36&DQGWKH'LJLWDO,PDJH&RUUHODWLRQ',&RQHV7KHLURXWFRPHV
SURSHUO\DVVHVVHGDJDLQVWWKHUHVSHFWLYHRQHVRIWUDGLWLRQDOFOLSJDXJHVDUHIRXQGWREHLQH[FHOOHQWPXWXDOFRUUHODWLRQ
7DNLQJDGYDQWDJHRIWKHGDWDJDWKHUHGIURPWKHFRPELQHGXVHRIDOOWKHVHQVLQJWHFKQLTXHVXVHGLQWHUHVWLQJFRQFOXVLRQV
DUHGUDZQDVLWZLOOEHDQDO\WLFDOO\GHVFULEHGLQWKHDFFRPSDQ\LQJ3DUW,,SDSHU>@LQGLFDWLQJWKHQHHGWRFDUHIXOO\
UHFRQVLGHUWKHGHVLJQRIWKHFRQQHFWLRQVSULPDULO\LQWKHGLUHFWLRQRIUHGXFLQJWKHLUVWLIIQHVV
0DWHULDOV
2.1. Dionysos marble 
$OPRVWDOOWHPSOHVRIWKH$WKHQLDQ$FURSROLVZHUHEXLOWE\DQFLHQW*UHHNVXVLQJ3HQWHOLFPDUEOHDQH[WUHPHO\
GXUDEOHPDWHULDORIDOPRVWSHUIHFWO\ZKLWHFRORXU8QIRUWXQDWHO\WKHDFFHVVWRWKHDQFLHQWTXDUULHVLVQRZDGD\VSUR
KLELWHGIRUHQYLURQPHQWDODQGKLVWRULFUHDVRQV$VDUHVXOWWKHQHHGVRIWKHUHVWRUDWLRQSURMHFWLQSURJUHVVDUHFRYHUHG
XVLQJPDUEOHTXDUULHGIURP0RXQWDLQ'LRQ\VRVYHU\FORVHWR0RXQWDLQ3HQWHOLFXV'LRQ\VRVPDUEOHLVWKHPDWHULDO
XVHGDOVRIRUWKHSUHSDUDWLRQRIWKHVSHFLPHQVRIWKHSUHVHQWH[SHULPHQWDOSURWRFRO%RWKLWVSK\VLFRFKHPLFDODQG
PHFKDQLFDOSURSHUWLHVDUHUHPDUNDEO\FORVHWRWKHUHVSHFWLYHRQHVRIWKHDXWKHQWLFPDWHULDORIWKHWHPSOHV>@
7KHSK\VLFRFKHPLFDOSURSHUWLHVRI'LRQ\VRVPDUEOHKDYHEHHQGHVFULEHGWKRURXJKO\E\7DVVRJLDQQRSRXORV>@
&RQFHUQLQJLWVPHFKDQLFDOSURSHUWLHVWKHGDWDSXEOLVKHGYDU\ZLWKLQEURDGOLPLWV>@SUREDEO\GXHWRGLIIHUHQW
TXDUU\LQJGHSWKDQGORFDWLRQRIWKHEORFNVXVHGIRUWKHSUHSDUDWLRQRIWKHVSHFLPHQVXVHGLQWKHWHVWVDQGDOVRGXHWR
WKHDQLVRWURSLFQDWXUHRIWKHVSHFLILFPDUEOH,QGHHG'LRQ\VRVPDUEOHLVDQRUWKRWURSLFPDWHULDOKRZHYHULWFDQEH
PRGHOOHGZLWKVXIILFLHQWDFFXUDF\DVWUDQVYHUVHO\LVRWURSLF>@WKHFRQVWLWXWLYHEHKDYLRXURIZKLFKLVDGHTXDWH
O\ GHVFULEHG XVLQJ ILYH HODVWLF FRQVWDQWV0RUHRYHU LW LV VOLJKWO\ QRQOLQHDU ERWK LQ WKH WHQVLRQ DQG LQ WKH FRP
SUHVVLRQUHJLPHDQGVOLJKWO\ELPRGXODUZKLFKPHDQVWKDWLWVHODVWLFPRGXOXVLQFRPSUHVVLRQH[FHHGVWKDWLQWHQVLRQ
E\DERXW7KHYDOXHVRIWKHPHFKDQLFDOSURSHUWLHVDUHUHFDSLWXODWHGLQ7DEOH>@
7DEOH7KHPHFKDQLFDOSURSHUWLHVRI'LRQ\VRVPDUEOH
 <RXQJ¶VPRGXOXV(GPa) ıPD[(MPa) Ȟ(-)
7HQVLRQ  

&RPSUHVVLRQ  
2.2. Titanium 
)RUWKHFRQVWUXFWLRQRIWKHFRQQHFWRUVDQFLHQW*UHHNVXVHGDYDULHW\RIVWHHOFRQVLVWLQJRIVXFFHVVLYHOD\HUVRI
³VRIW´SXUH LURQDQG³KDUG´VWHHORI LQFUHDVHGFDUERQFRQWHQW>@7HVWLQJVSHFLPHQVREWDLQHGIURPDOUHDG\IUDF
WXUHGDQFLHQWFRQQHFWRUVRIWKH3DUWKHQRQ7HPSOHXQGHUXQLD[LDOWHQVLRQWHVWV=DPEDV>@GHWHUPLQHGWKHPHFKDQLFDO
FKDUDFWHULVWLFVRIWKHDQFLHQWLURQ7KHYDOXHVREWDLQHGIURPWKLVVHULHVRIWHVWVDUHUHFDSLWXODWHGLQ7DEOH
%DVHGRQDUJXPHQWVUHODWHGWRRSWLPXPUHVLVWDQFHWRFRUURVLRQVXLWDEOHPHFKDQLFDOVWUHQJWKDQGFRHIILFLHQWRI
WKHUPDOH[SDQVLRQVLPLODUWRWKHUHVSHFWLYHRQHRIPDUEOH$QJHOLGHV>@DQG6NRXOLNLGLV>@VXJJHVWHGSXUHWLWDQLXPDV
WKHEHVWFKRLFHIRUWKHFRQVWUXFWLRQRIWKHUHVWRUHGFRQQHFWLRQV3XUHWLWDQLXPKDVDSSUR[LPDWHO\WKHVDPH3RLVVRQ¶V
UDWLRDQGWKHUPDOH[SDQVLRQFRHIILFLHQWDV'LRQ\VRVDQG3HQWHOLFPDUEOHV7KHUHIRUHWKHUHVWRUHGVWUXFWXUDOPHPEHUV
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7DEOH7KHPHFKDQLFDOFKDUDFWHULVWLFVRIDQFLHQWLURQ
3URSHUW\DVREWDLQHGIURPGLUHFWWHQVLRQ <LHOGVWUHVV(MPa) )UDFWXUHVWUHVV(MPa) 'XFWLOLW\(%)
0LQLPXPYDOXH   
0D[LPXPYDOXH   

RIWKHPRQXPHQWDUHSURWHFWHGIURPIUDFWXUHGXHWRGLIIHUHQWLDOODWHUDOVKULQNDJHDQGGLIIHUHQWLDOWKHUPDOH[SDQVLRQ
UHVSHFWLYHO\,QDGGLWLRQWKHW\SHRIWLWDQLXPXVHGIRUWKHUHVWRUDWLRQSURMHFWKDVDKLJKPRGXOXVRIHODVWLFLW\FRPELQHG
ZLWKLQFUHDVHGGXFWLOLW\HQDEOLQJWKHMRLQVWRDEVRUEDVLJQLILFDQWDPRXQWRIHQHUJ\DQGEHDUKLJKGHIRUPDWLRQVEHIRUH
IUDFWXUH7KHYDOXHVRIWKHPHFKDQLFDOSURSHUWLHVRIWKHWLWDQLXPXVHGLQWKHSUHVHQWH[SHULPHQWDOSURWRFRODVWKH\
ZHUHREWDLQHGIURPDVHULHVRISUHOLPLQDU\GLUHFWWHQVLRQWHVWVZLWKF\OLQGULFDOEDUVRIYDULRXVGLDPHWHUVFRYHULQJ
WKHZKROHUDQJHRIGLDPHWHUVXVHGLQWKH$FURSROLVZRUNVLWHVDUHVXPPDUL]HGLQ7DEOH
7DEOH7KHPHFKDQLFDOSURSHUWLHVRIWLWDQLXPXVHGLQWKHH[SHULPHQWDOSURWRFRO
 <RXQJ¶VPRGXOXV(GPa) <LHOGVWUHVV(MPa) (ORQJDWLRQDWPD[VWUHVV(%) 'XFWLOLW\(%) ıPD[(MPa) Ȟ(-)
0LQLPXPYDOXH      
0D[LPXPYDOXH      
2.3. Filling material 
7DNLQJLQWRDFFRXQWWKDWOHDGXVHGE\DQFLHQW*UHHNVIRUILOOLQJWKHJURRYHDIWHUSODFLQJWKHFRQQHFWRULQLWLV
LQFRPSDWLEOHWRWLWDQLXPDOWHUQDWLYHVROXWLRQVZHUHVRXJKWDOUHDG\IURPHDUO\VHYHQWLHV6NRXOLNLGLV>@VWXGLHGWKH
SDLURIPDWHULDOVXVHGE\%DODQRVIRUWKHUHVWRUDWLRQRIWKH(UHFKWKHLRQWHPSOHDFHPHQWEDVHGILOOLQJPDWHULDODQG
WKHPDUEOHZKLFKZDVLQFRQWDFWZLWKLWDQGIRXQGQRPHFKDQLFDORUFKHPLFDOGHFD\DWDOO%DVHGRQWKLVREVHUYD
WLRQKHSURSRVHGDPL[RIRQHSDUWZKLWHFHPHQWDQGWKUHHSDUWVVLOLFDVDQGDVWKHPRVWVXLWDEOHILOOLQJPDWHULDOIRU
WKHQHZUHVWRUDWLRQSURMHFWV>@7KHPHFKDQLFDOSURSHUWLHVRIWKLVPDWHULDOZHUHTXDQWLILHGE\0DULQHOOLHWDO>@
DQG.RXUNRXOLVDQG3DVLRX>@DQGWKHLUUHVXOWVDUHUHFDSLWXODWHGLQ7DEOH
7DEOH7KHPHFKDQLFDOSURSHUWLHVRIPRUWDU>@
<RXQJ¶VPRGXOXV(GPa) 7HQVLRQVWUHQJWK(MPa) &RPSUHVVLRQVWUHQJWK(MPa) Ȟ(-)
   
7KHH[SHULPHQWDOWHFKQLTXHVXVHGLQWKHSURWRFRO
%DVHGERWKRQQDNHGH\HREVHUYDWLRQVRILQVLWXLHWKDWZHUHQHYHUUHPRYHGIURPWKHLURULJLQDOSODFHHSLVW\OHV
RIWKH3DUWKHQRQ7HPSOH>@DQGDOVRRQSUHYLRXVODERUDWRU\H[SHULPHQWDOVWXGLHV>@LWLVGHILQLWHO\FRQFOXGHGWKDW
IDLOXUHPHFKDQLVPV OHDGLQJ WR WKH IUDFWXUH RI WKH HSLVW\OHV FRQQHFWLRQV DUH ILUVW DFWLYDWHG DORQJ WKH WZRPDWHULDO
LQWHUIDFHVPDUEOHWRPRUWDUDQGPRUWDUWRWLWDQLXPDWWKHLQWHULRURIWKHVWUXFWXUDOPHPEHUV7KHWUDGLWLRQDOH[SHUL
PHQWDO WHFKQLTXHV HJ VWUDLQ JDXJHV FOLS JDXJHV SKRWRHODVWLFLW\ HWF XVXDOO\ HPSOR\HG LQ ODERUDWRU\ WHVWV DUH
XQDEOHWRGHWHFWWKHLQWHUQDOHYHQWVORFDOIDLOXUHVPLFURIUDFWXUHVHWFSUHFHGLQJWKHPDFURVFRSLFREVHUYDEOHRQHV
RQWKHVSHFLPHQV¶VXUIDFH7RFXUHWKLVSUREOHPPRGHUQVHQVLQJWHFKQLTXHVZKLFKFDQFROOHFWGDWDIURPWKHLQWHULRURI
WKHVSHFLPHQVDUHQRZDGD\VDYDLODEOH6RPHRIWKHVHWHFKQLTXHVDUHDWPDWXUHDSSOLFDWLRQVWDJHDQGDUHDOUHDG\FRP
PHUFLDOO\DYDLODEOHZKLOHVRPHRIWKHPDUHVWLOODWSLORWVWDJHDQGWKHLUDSSOLFDWLRQLVOLPLWHGDWDODERUDWRU\VFDOH
,QWKHSUHVHQWVWXG\RQHWHFKQLTXHIURPHDFKJURXSZDVXVHGIRUJDWKHULQJGDWDIURPWKHVSHFLPHQ¶VEXON)URP
WKHFRPPHUFLDOO\DYDLODEOHRQHVWKH$FRXVWLF(PLVVLRQWHFKQLTXHZDVIDYRXUHGZKLOHIURPWKHRQHVDWSLORWVWDJH
WKH3UHVVXUH6WLPXODWHG&XUUHQWWHFKQLTXHZDVFKRVHQ7DNLQJLQWRDFFRXQWWKDWWKHGDWDREWDLQHGIURPWKHVHWHFK
QLTXHVDUHTXDOLWDWLYHUDWKHUWKDQTXDQWLWDWLYHLWLVFUXFLDOIRUWKHLURXWFRPHVWREHSURSHUO\FDOLEUDWHGDJDLQVWTXDQWL
WDWLYHRQHVREWDLQHGIURPRWKHU³PRUHPDWXUH´VHQVLQJWHFKQLTXHV)RUWKLVSXUSRVHWKH'LJLWDO,PDJH&RUUHODWLRQ
',&WHFKQLTXHZDVXVHGLQWKHSUHVHQWSURWRFROWRGHWHUPLQHDQGUHFRUGWKHRYHUDOO'GLVSODFHPHQWILHOGZKLOH
WUDGLWLRQDOFOLSJDXJHVZHUHDOVRXVHGPDLQO\IRUFRPSDULVRQUHDVRQV7KHPDLQIHDWXUHVRIWKH36&WKH$(DQGWKH
',&WHFKQLTXHVXVHGDUHYHU\VKRUWO\GHVFULEHGLQQH[WVHFWLRQVWRJHWKHUZLWKWKHUHVSHFWLYHGHYLFHVDQGDFFHVVRULHV
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3.1. Electric emissions or Pressure Stimulated Currents (PSC) technique 
(OHFWULFDOVLJQDOVKDYHEHHQGHWHFWHGGXULQJH[SHULPHQWVZLWKEULWWOHPDWHULDOVOLNHPDUEOH>@DPSKLEROLWH>@
DQGFHPHQWEDVHGPDWHULDOV>@ZKHQWKH\ZHUHVXEMHFWHGWRHLWKHUWHQVLRQRUFRPSUHVVLRQ7KHHOHFWULFDOVLJQDOV
DUHUHFRUGHGDVDZHDNHOHFWULFFXUUHQWZLWKWKHDLGRIH[WUHPHO\VHQVLWLYHHOHFWURPHWHUV7KHVHQVRUXVHGWRFROOHFW
WKHVHUHFRUGLQJVLVXVXDOO\DSDLURIJROGSODWHGHOHFWURGHV7KHFRQVWUXFWLRQRIVXFKVHQVRUVLVUHODWLYHO\VLPSOHDQG
WKHLUFRVWLVH[WUHPHO\ORZFRPSDUHGWRWKDWRIRWKHUVWUDLQVHQVLQJVHQVRUV,WLVKHUHPHQWLRQHGWKDWZHDNHOHFWULF
FXUUHQWVKDYHEHHQGHWHFWHGDOVRLQWHVWVZLWKEHDPVXQGHUWKUHHSRLQWEHQGLQJ>@,QWKLVFDVHKRZHYHUHOHFWURGHV
PXVWEHDWWDFKHGDWERWKWKHFRPSUHVVLYHDQGWKHWHQVLOH]RQHVRIWKHVSHFLPHQV
,QWKHSUHVHQWVWXG\DSDLURIHOHFWURGHV)LJDZDVDWWDFKHGRQWKHIURQWVXUIDFHRIWKHVSHFLPHQYHU\FORVHWR
WKHUHJLRQZKHUHPDUEOH¶VIUDFWXUHLVH[SHFWHGDFFRUGLQJWRSUHYLRXVSUHOLPLQDU\WHVWV>@DQGLQVLWXREVHUYDWLRQV
>@7KHPHDVXULQJV\VWHPHPSOR\HGFRQVLVWHGRIDYHU\VHQVLWLYHSURJUDPPDEOHHOHFWURPHWHU .HLWKOH\$
)LJEFDSDEOHRIUHVROYLQJFXUUHQWVDVORZDVI$DQGDVKLJKDVP$LQUDQJHV7KHGDWDRXWSXWIURPWKH
HOHFWURPHWHUZHUHVWRUHGLQDFRPSXWHUXVLQJD*3,%LQWHUIDFH
3.2. Acoustic Emission (AE) technique 
7KH$(WHFKQLTXHGHWHFWVDFRXVWLFHYHQWVWDNLQJSODFHZLWKLQWKHPDWHULDOGXULQJPHFKDQLFDOORDGLQJ,WLVGDWHG
EDFNWRZKHUHWKHSURFHVVRIVKRFNRFFXUUHQFHLQDZRRGVSHFLPHQXQGHUEHQGLQJZDVVWXGLHGE\).LVKLQRXH
>@ZLWKWKHDLGRIDSKRQRJUDSKSLFNXSDQGDVWHHOQHHGOH7KHILUVWVWXGLHVFRQFHUQLQJWKHDFRXVWLFHPLVVLRQLQ
JHRPDWHULDOVZHUHFDUULHGRXWLQE\2EHUW>@2QHRIWKHDGYDQWDJHVRIWKLVWHFKQLTXHLVWKDWLWPRQLWRUVLQ
WHUQDOIDLOXUHSURFHVVHVGXULQJWKHZKROHORDGLQJSURFHGXUHRIHLWKHUDVSHFLPHQRUDVWUXFWXUHE\MXVWDWWDFKLQJD
QXPEHURIVHQVRUVRQLW,QDGGLWLRQWDNLQJLQWRDFFRXQWWKDWDFRXVWLFHPLVVLRQVGHSHQGPDLQO\RQLUUHYHUVLEOHGH
IRUPDWLRQVLWEHFRPHVHYLGHQWWKDWWKH$(WHFKQLTXHFRXOGEHYHU\XVHIXOIRUVWUXFWXUDOKHDOWKPRQLWRULQJ)XUWKHU
DSSOLFDWLRQVLQFOXGHWKHTXDQWLILFDWLRQRIWKHIUDFWXUHSURFHVV]RQHE\PHDQVRIWKHVRXUFHORFDWLRQRIWKHDFRXVWLF
HPLVVLRQVLQFRQFUHWHDQGRWKHUVWUXFWXUDOPDWHULDOVDVZHOODVLQVLWXLQVSHFWLRQRIYHVVHOVOHDNGHWHFWLRQHWF
)RUWKHQHHGVRIWKHSUHVHQWSURWRFROHLJKW5ĮDFRXVWLFHPLVVLRQVHQVRUV)LJFZLWKN+]UHVRQDQW3K\VL
FDO$FRXVWLFVZHUHDWWDFKHGRQWKHVSHFLPHQZLWKWKHDLGRIVLOLFRQH3UHDPSOLILHUVZLWKG%JDLQZHUHXVHG7KH
VSHFLPHQVWHVWHGFRQVLVWRIWKUHHGLIIHUHQWPDWHULDOVKRZHYHUDXQLIRUPZDYHYHORFLW\YHFWRUZDVFRQVLGHUHG7KLV
YHORFLW\ZDVGHWHUPLQHGHTXDOWRDERXWPVDQGPVDORQJWKHFRQQHFWRU¶VD[LV[D[LVDQGQRUPDOWRLWLQ
WKH[\SODQH\D[LV)LJEUHVSHFWLYHO\DFFRUGLQJWRWKHUHVXOWVRIDVHULHVRISUHOLPLQDU\EUHDNLQJVRIDSHQFLO
OHDGSUHVVHGDJDLQVWWKHVSHFLPHQ7KHHTXLSPHQWDQGWKHVRIWZDUHXVHGZHUHE\0LVWUDV*URXS,QF
3.3. Digital Image Correlation (DIC) technique 
',&LVDQRSWLFDOFRPSXWDWLRQDOPHWKRGZKLFKZDVWKHRUHWLFDOO\IRXQGHGDQGH[SHULPHQWDOO\DSSOLHGDOPRVW
\HDUVDJR>@ ,W LVDFRQWDFWOHVV WHFKQLTXH WKHDSSOLFDWLRQRIZKLFKQHFHVVLWDWHVD UDQGRPSDWWHUQRIGRWVRQ WKH
VSHFLPHQ¶VVXUIDFHZKLFKLVFDSWXUHGVXFFHVVLYHO\E\WZRFDPHUDVGXULQJWKHH[SHULPHQW7KHEDVLFSULQFLSOHEHKLQG
',& LV WKHFRUUHODWLRQRI HDFKGRW¶VSRVLWLRQ LQ WKHXQGHIRUPHG VSHFLPHQ¶V VWDWH WR WKH UHVSHFWLYHSRVLWLRQ LQ WKH
GHIRUPHGRQH',&LVVXFFHVVIXOO\XVHGIRUIXOOILHOGUHSUHVHQWDWLRQRIGLVSODFHPHQWVWUDLQILHOGVPRQLWRULQJFUDFN
SURSDJDWLRQHVWLPDWLQJFUDFNWLSRSHQLQJGLVSODFHPHQWDQGGHWHUPLQDWLRQRIVWUHVVLQWHQVLW\IDFWRUV
D E F G
)LJD7\SLFDOHOHFWURGHDQGEHOHFWURPHWHU.HLWKOH\$XVHGIRUWKH36&WHFKQLTXHFW\SLFDO5ĮDFRXVWLFHPLVVLRQVHQVRUGWKH
WZRFDPHUDVRIWKHGLJLWDOLPDJHFRUUHODWLRQWHFKQLTXH
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$QRYHO WKUHHGLPHQVLRQDO',& V\VWHP /,0(660HVVWHFKQLN	6RIWZDUH*PE+*HUPDQ\ZDVXVHG LQ WKH
SUHVHQWVWXG\)LJG7KHUHVROXWLRQRI WKHFDPHUDVLVHTXDOWR[SL[HOVZLWKDQDFFXUDF\IRUGLVSODFH
PHQWV HTXDO WR SL[HO 6LQFH WKH IXOO ILHOG GLVSODFHPHQW ILHOG RQ WKH IURQW VXUIDFHRI WKH VSHFLPHQZDV WREH
GHWHUPLQHGWKH'',&DFWLYHILHOGZDVDUHFWDQJOHRIGLPHQVLRQV[FPDQGWKHVL]HRIWKHSDWWHUQ¶VGRWV
ZDVFDOFXODWHGHTXDOWRDERXWPP7KHVDPSOLQJUDWHZDVVHWHTXDOWRSKRWRSHUV
7KHVSHFLPHQVDQGWKHH[SHULPHQWDOSURFHGXUH
4.1. Geometry and construction of the specimens 
7KH VSHFLPHQV XVHG LQ WKH SUHVHQW VWXG\ZHUH SUHSDUHG E\ WKH WHFKQLFLDQV RI WKH 3DUWKHQRQZRUNVLWH RQ WKH
$FURSROLVRI$WKHQV7KH\FRQVLVWHGRIWZRSDUDOOHOHSLSHGPDUEOHEORFNVRIGLPHQVLRQVHTXDOWR[[FPDQG
[[ FP )LJD RQH ³,´VKDSHG WLWDQLXP FRQQHFWRU )LJE DQG VXLWDEOH FHPHQWEDVHG ILOOLQJPDWHULDO
7KHFRQVWUXFWLRQRIWKHVSHFLPHQVZDVUHDOL]HGDFFRUGLQJWRWKHIROORZLQJSURFHGXUH
x $JURRYHPRUWLVHRIGHSWKHTXDOWRFPZDVVFXOSWXUHGLQWKHEORFNV)LJD
x 7KHFRQQHFWRUZDVSODFHGLQWKHJURRYH
x 7KHFHPHQWEDVHGPDWHULDOZDVSUHSDUHG
x 7KHJURRYHZDVVDWXUDWHGZLWKZDWHULQRUGHUIRUWKHFHPHQWEDVHGPDWHULDOQRWWRORVHZDWHU
x 7KHILOOLQJPDWHULDOZDVSRXUHGLQWKHYROXPHEHWZHHQWKHFRQQHFWRUDQGWKHPDUEOHEORFNV
x 7ZRKROHVZHUHGULOOHGRQWKHRQHPDUEOHYROXPHIRUH[HUWLQJWKHVKHDUIRUFH7KHKROHVZHUHGULOOHGRQWKH
EORFNZKLFK LV ODUJHU LQ LWVYHUWLFDOGLPHQVLRQDORQJ\D[LVFRPSDUHG WR WKHRWKHUEORFN7KLVDV\PPHWU\
ZDVFRQVLGHUHGQHFHVVDU\ LQRUGHU WR DYRLGXQGHVLUDEOHSDUDVLWLFPDUEOH¶V IUDFWXUH DURXQG WKHKROHVGXULQJ
ORDGLQJ,QRWKHUZRUGVDWWHQWLRQZDVSDLGIRUWKHGLVWDQFHEHWZHHQWKHKROHVDQGWKHEORFN¶VXSSHUVXUIDFHWR
VDWLVI\WKHUHTXLUHPHQWRIDPLQLPXPGLVWDQFHIURPWKHIUHHVXUIDFH
%HIRUHWKHWHVWVWKHVSHFLPHQVZHUHFXUHGIRUGD\VLQRUGHUIRUWKHILOOLQJPDWHULDOWRDWWDLQLWVPD[LPXPVWUHQJWK
4.2. Gripping and loading fixtures 
7KHODERUDWRU\UHSURGXFWLRQRISXUHVKHDUWHVWVLVLQJHQHUDODGLIILFXOWWDVN6RSKLVWLFDWHGGHYLFHVDUHUHTXLUHGIRU
WKHDSSOLFDWLRQRIWKHORDGDQGWKHPHDVXUHRIGLVSODFHPHQWVDQGVWUDLQV7KHPRVWLPSRUWDQWSUREOHPKDUGWRRYHU
FRPHLVUHODWHGWRWKHDSSOLFDWLRQRIWKHORDGLQVXFKDZD\WKDWWKHJHQHUDWLRQRISDUDVLWLFVWUHVVHVWREHDYRLGHG
FP
FPFP
FP
FP
FP
FP
FP
D E
FP
FP
FP
FP
WKLFNQHVVFP
F
)LJD2QHRIWKHWZRPDUEOHEORFNVDQGLWVGLPHQVLRQVEW\SLFDOVSHFLPHQF³,´VKDSHGFRQQHFWRU )LJ&XVWRPPDGHPHWDOOLFGHYLFHV
[
\
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9DULRXVVROXWLRQVDUHPHQWLRQHGLQWKHOLWHUDWXUHPDLQO\IRUFRQFUHWHDQGVRLOV>@KRZHYHUWKHVWXGLHVUHODWHGWR
WKHVKHDURIPDUEOHVWUXFWXUDOHOHPHQWVMRLQHGWRJHWKHUZLWKPHWDOOLFFRQQHFWRUVDUHYHU\UDUHLIWKH\H[LVWDWDOO
7KHDGGLWLRQDOGLIILFXOW\LQWKHSUHVHQWVWXG\LVWKDWEHVLGHVWKHSDUDVLWLFEHQGLQJPRPHQWVDSSHDULQJDOPRVWLQ
HYLWDEO\ LQVKHDU WHVWV WRUVLRQDORQHVDUHH[SHFWHGGXH WRDQ LQKHUHQWDV\PPHWU\RI WKHVSHFLILFVSHFLPHQV7KLV
DV\PPHWU\LVLPSRVHGE\WKHIDFWWKDWWKHPHWDOOLFFRQQHFWRULVSODFHGUHODWLYHO\FORVHWRWKHVXUIDFHUDWKHUWKDQDW
WKHFHQWHURIWKHVSHFLPHQV5HVWULFWLQJWKHVHPRPHQWVE\PHDQVRIFRPSOHPHQWDU\FRQVWUDLQWVLVQRWDGYLVHGVLQFH
LWFRXOGVHULRXVO\LQIOXHQFHWKHIDLOXUHPRGHDQGWKHUHIRUHLWZDVDYRLGHG)LQDOO\WKHQDWXUHRIWKHVSHFLPHQV¶PD
WHULDO'LRQ\VRVPDUEOHLQGXFHVDGGLWLRQDOGLIILFXOWLHVVLQFHLWLVYHU\EULWWOHDQGDQLVRWURSLF
)RUWKHPLQLPL]DWLRQRIWKHDERYHSDUDVLWLFSKHQRPHQDQRQFRPPHUFLDOJULSSLQJDQGORDGLQJIL[WXUHVKDGWREH
GHVLJQHGDQGFRQVWUXFWHG7KHVROXWLRQIDYRXUHGFRQVLVWHGRI)LJL$UHFWDQJXODUULJLGKROGLQJSODWHDQGWZR
³ī´VKDSHGPHWDOOLFHOHPHQWV UHVWULFWLQJ WKHPRWLRQRI WKHRQHYROXPHRI WKH VSHFLPHQVZLWK WKHDLGRI VL[ ULJLG
WKUHDGHGPHWDOOLFEDUVRUWLHURGVLL$³ī´VKDSHGORDGLQJSODWHQGHVLJQHGLQVXFKDZD\WKDWWKHORDGWREHH[HUWHG
DW WKH OHYHORI WKHPHWDOOLF FRQQHFWRU LQ DQHIIRUW WR UHGXFH WRUVLRQDOPRPHQWV LLL7ZR³Ȇ´VKDSHGPHWDOOLF HO
HPHQWVNHHSLQJWKHORDGLQJSODWHQLQFRQWDFWZLWKWKHORDGHGYROXPHRIWKHVSHFLPHQLY7ZRWLWDQLXPEDUV
4.3. Experimental procedure 
7KHWHVWVZHUHFDUULHGRXWZLWKWKHDLGRIDQ,1675210RGHOVHUYRK\GUDXOLFORDGLQJIUDPHRIFDSDFLW\
N17KHIUDPHZDVVHOHFWHGGXHWRWKHIDFWWKDWLWLVHTXLSSHGZLWKDQH[WUHPHO\ULJLGZRUNLQJWDEOHSHUPLWWLQJ
VWDEOHIL[LQJRIWKHVSHFLPHQVRQLW%RWKdisplacement- DQGload-control WHVWVFDQEHUHDOL]HG%HIRUHWKHWHVWVWKH
ORDGFHOOZDVFDOLEUDWHGXVLQJFHUWLILHGZHLJKWVIRUWKHORZHUVFDOHVDQGFHUWLILHGORDGULQJVIRUWKHKLJKRQHV,WZDV
FRQFOXGHGWKDWWKHPD[LPXPORDGHUURUZDVZHOOEHORZ,QDGGLWLRQWKHGLVSODFHPHQWRIWKHWUDYHUVHRIWKH
IUDPHZDVFKHFNHGXVLQJDVXLWDEOHFHUWLILHGPLFURPHWHUDQGWKHHUURUGHWHUPLQHGZDVLQVLJQLILFDQW
7KHWDUJHWRIWKHH[SHULPHQWDOSURFHGXUHZDVWRLPSRVHSDUDOOHOVOLGLQJRIWKHRQHPDUEOHEORFNZLWKUHVSHFWWR
WKHRWKHUQRUPDOO\WRWKHORQJLWXGLQDOD[LVRIWKHWLWDQLXPFRQQHFWRU,QWKLVFRQWH[WWKHVSHFLPHQVZHUHSODFHGRQ
WKHWDEOHRIWKHIUDPHDQGRQHRILWVWZRFRQVWLWXHQWSDUWVPDUEOHEORFNVZDVULJLGO\FODPSHGZLWKWKHDLGRIWKH
ULJLGKROGLQJSODWHQWKHWZR³ī´VKDSHGSDUWVDQGVL[ULJLGWKUHDGHGPHWDOOLFEDUV)LJ7KHORDGLQJSODWHQZDV
IL[HGRQWKHRWKHUPDUEOHEORFNZLWKWKHDLGRIWKH³Ȇ´VKDSHGSDUWVSD\LQJDWWHQWLRQWRSHUIHFWO\DOLJQWKHORDGD[LV
ZLWKWKHD[LVRIV\PPHWU\RIWKHPHWDOOLFFRQQHFWRUDQGWKHLQWHUIDFHRIWKHWZRPDUEOHEORFNV
ȉKHWHVWVZHUHUHDOL]HGXQGHUGLVSODFHPHQWFRQWUROFRQGLWLRQVDWDUDWHRIPPPLQTXDVLVWDWLFFRQGLWLRQV
)LJ7KHIURQWVLGHRIDW\SLFDOVSHFLPHQRQZKLFKWKH$(VHQVRUVWKHHOHFWURGHVDQGWKHGRWV¶SDWWHUQFDQEHVHHQOHIWWKHEDFNVLGHRID
W\SLFDOVSHFLPHQDQGWKHSRVLWLRQVRIWKHFOLSJDXJHVULJKW
&OLSJDXJHV

&XVWRPPDGHGHYLFHV
$FRXVWLFHPLVVLRQVHQVRUV
(OHFWURGHV
'LDOJDXJHV
'RWV¶SDWWHUQ
275 S.K. Kourkoulis et al. /  Procedia Engineering  109 ( 2015 )  268 – 275 
&RQFOXGLQJUHPDUNV
$QH[SHULPHQWDOSURWRFRODLPLQJDWWKHVWXG\RIWKHUHVSRQVHRILQWHUFRQQHFWHGPDUEOHHSLVW\OHVXQGHUVKHDUORDG
ZDVGHVFULEHG,WVPDLQDGYDQWDJHLVWKDWWKHVWUDLQVHQVLQJV\VWHPLPSURYLVHGLVFDSDEOHWRSURYLGHGDWDIURPWKH
LQWHULRURIWKHVSHFLPHQV&RQFHUQLQJWKHSURFHGXUHIROORZHGIRUWKHFRPSOHWHUHVWULFWLRQRIDOOGHJUHHVRIIUHHGRP
RIWKHRQHPDUEOHYROXPHRIWKHVSHFLPHQVLWFRXOGEHDQWLFLSDWHGWKDWLWPLJKWLQIOXHQFHWKHVWUHVVILHOGVGHYHORSHG
2QWKHRWKHUKDQGWKHJULSSLQJRIWKHVHFRQGPDUEOHYROXPHZDVUHDOL]HGLQVXFKDZD\WKDWDWOHDVWWKHUHJLRQVRI
LQWHUHVW)LJOHIWSKRWRLHWKHVHDURXQGWKHIODQJHRIWKHFRQQHFWRUFDQEHFRQVLGHUHGDVLQVHQVLWLYHWRWKHH[WHUQDO
UHVWULFWLRQV)RUFRPSDULVRQUHDVRQVDQGLQRUGHUWRFKHFNSRVVLEOHSDUDVLWLFHIIHFWVWKHUHODWLYHGLVSODFHPHQWRIWKH
WZRPDUEOHYROXPHVZHUHUHFRUGHGDOVRE\WZRWUDGLWLRQDOFOLSJDXJHVSURSHUO\DWWDFKHGDWHDFKYROXPH)LJULJKW
SKRWR ,Q WKLVGLUHFWLRQSUHOLPLQDU\ WHVWV >@ZHUH LPSOHPHQWHG LQGLFDWLQJ WKDW WKHVHWXSGHVFULEHGEDODQFHV LQD
TXLWH VDWLVIDFWRU\PDQQHUEHWZHHQ WKHQHHG WR HOLPLQDWH SDUDVLWLFPRPHQWV DQG WKHGHPDQG WR DYRLG LQWHUIHUHQFH
ZLWKWKHIDLOXUHPRGH7KHUHVXOWVRIWKHPDLQH[SHULPHQWDOSURWRFRODUHGHVFULEHGLQWKHDFFRPSDQ\LQJ3DUW,,>@
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